Concrete's production causes pronounced environmental impacts. It is confirmed that adding basalt fiber (BF) into concrete can improve the mechanical properties and reduce the chloride diffusion coefficient of concrete. Moreover, research on the environmental impact of BF and its application in concrete has gradually emerged in recent years. However, there is little research on the chloride diffusivity of concrete structures with BF under the coupling interaction of external loads and chloride action. Therefore, at first, six beams were cast to obtain the depth-dependent chloride diffusivity of concrete under the coupling interaction of chloride penetration and 50% and 80% of the cracking capacity. Then, a functional unit (FU) combining durability, cracking capacity and volume was proposed to evaluate the sustainability of the concrete structure. In addition, three extra FUs (volume, considering volume and cracking capacity simultaneously and considering volume, cracking capacity and durability simultaneously) were also proposed and compared with the first FU. Results indicate that, regardless of the applied load level, the average chloride diffusion coefficient of a reinforced concrete (RC) beam with BF is larger than that of an ordinary RC beam. Moreover, the sorting of life cycle assessment (LCA) results will vary significantly with the different preset functional units. When taking the cracking capacity into consideration, adding BF into concrete is a suitable solution to improve the sustainability of RC beams.
Introduction
Basalt fiber (BF), obtained after extrusion from basalt-based molten igneous volcanic rock, is extensively used due to its cost-effectiveness and exceptional functional properties [1, 2] . Recently, BF has gained extensive attentions due to the fact that adding BF into concrete (basalt fiber-reinforced concrete, BFRC) can improve the mechanical properties. Elshafie et al. [3] reviewed the influences of BF lengths and BF contents on the mechanical strength of concrete and concluded that when the length of BF was between 12 and 24 mm and the content of BF by total volume was between 0.10% and 0.50%, the mechanical strength could be enhanced. Katkhuda et al. [4] suggested that the compressive strength of concrete may minimally increase as the BF content increases until it reaches 1%, but the flexural and splitting tensile strength of concrete showed a significant improvement. Zhang et al. [5] investigated the properties of BFRC at different fiber contents and observed a significantly improved dynamic compressive strength of concrete with the addition of a reasonable basalt fiber content under different loading rates.
Chloride attack is an important influence factor on the durability of reinforced concrete (RC) structures [6, 7] . Research insisted that adding BF in concrete is beneficial to reduce the chloride diffusion coefficient [8] . Actually, most of the real concrete structures are subject to the external loads, resulting from the fact that chloride transport in concrete is affected by environmental factors [9] and external loads [10, 11] . Thus, it is necessary to conduct in-depth research on the chloride diffusion under the coupling interaction of external loads and chloride action. Based on the experiment results on the chloride diffusivity of concrete in tensile and compressive zones, Wang et al. [12] insisted that the chloride concentration increased with flexural stress in the tensile zone of concrete, regardless of the stress level, but decreased with compressive stress at first and increased until the stress increased up to 55% of compressive strength in the compressive zone of concrete. To explore the characteristics of chloride diffusivity at different depths of concrete sections, Wang et al. [13] proposed a model by establishing the relationship between flexural load levels and chloride diffusion coefficients. As concerns grow over sustainable development, it is important that the environmental implications of adding BF into concrete should be properly considered. The technique to address this issue is known as life cycle assessment (LCA) [14] . Research on the environmental impact of BF and its application in concrete has gradually emerged in recent years. Jamshaid et al. [15] suggested that BF should be classified as a sustainable material since BF is made of natural material and no chemical additives as well as any solvents, pigments or other hazardous materials are added during its production. De Fazio [16] estimated that the energy required to produce BF in an electric furnace should be 5 kWh/kg.
In this paper, to calculate the life cycle sustainability of basalt fiber-reinforced concrete, the coupling effects of external loads and chloride penetration on the chloride diffusivity of concrete are taken into consideration. At first, six beams are cast to obtain the depth-dependent chloride diffusivity of concrete, by the model proposed by Zhang et al. [17] . Then, a functional unit combining the durability (the depth-dependent chloride diffusivity), cracking capacity and volume of the concrete beam is proposed to evaluate the integrated sustainability of the concrete structure. In addition, three other functional units (volume, considering volume and cracking capacity simultaneously and considering volume and durability simultaneously) are also proposed and compared with the first indicator. It is worth noting that energy consumption is selected as an environmental indicator for comparing the ordinary concrete beam and the concrete beam with BF due to the lack of life cycle inventory.
Experiment Method

Raw Materials and Mix Proportion of Tested Concrete
In this study, common river sand with a fineness modulus of 2.5 and gravel with a maximum size of 40 mm were used as fine aggregates and coarse aggregates, respectively. Besides, Qian-Chao cement with a strength grade of 32.5 (Portland Cement) was used. BF was produced by Shanghai Erjin Basalt Fiber Co. Ltd. of Heng Dian Group. Its filament diameter and thermal conductivity was 12-15 µm and 0.03~0.04 W/m · k, respectively. In addition, the tensile strength of BF was 4100-4500 MPa and the density was 2800 kg/m 3 . Besides, the modulus of elasticity of BF was 100~110 GPa. Table 1 shows the concrete mixture proportions in this test, in which the percentage of BF represents the volume percentage in cement. The water to cement ratio was kept as 0.60 for the tested concrete. For each concrete mixture, three cubic specimens with a side length of 150 mm were cast to determine the compressive strength of concrete after curing for 28 days in a standard environment. The result for the 28 d compressive strength of concrete is shown in Table 1 . 
Test Methods and Exposure Environment
For the chloride penetration in RC beams with different flexural loads, six RC beams were cast with a length of 1100 mm and a rectangular cross-section of 100 × 150 mm, including two beams for determining cracking capacity (one RC beam and one BFRC beam), two RC beams and two BFRC beams for the chloride penetration test under different flexural loads. The steel reinforcements used included two top support rebars and two bottom longitudinal rebars, both with 8 mm diameter and the transverse stirrups with 6 mm diameter and a spacing of 150 mm (see Figure 1 ). Note: C and B refer to ordinary concrete and concrete with Basalt fiber (BF), respectively.
For the chloride penetration in RC beams with different flexural loads, six RC beams were cast with a length of 1100 mm and a rectangular cross-section of 100 × 150 mm, including two beams for determining cracking capacity (one RC beam and one BFRC beam), two RC beams and two BFRC beams for the chloride penetration test under different flexural loads. The steel reinforcements used included two top support rebars and two bottom longitudinal rebars, both with 8 mm diameter and the transverse stirrups with 6 mm diameter and a spacing of 150 mm (see Figure 1 ). The load value in the serviceability limit states of test beam (Fs) was calculated at first. After the standard curing of 28 days, three micrometer gauges with an accuracy of 0.001 mm were installed at both ends and the midspan of the RC/BFRC beam, respectively, to collect the deflection data. According to the provisions in Standard for Test Method of Concrete Structures (GB/T 50152-2012) [18] , after the standard curing of 28 days, a destruction test was applied to the beams to obtain the cracking capacity (Fcr). Loads were applied progressively, with a loading amplitude and load-keeping time of 0.05 Fs and 15 min, respectively. When there was an obvious inflection point with a sudden deflection in the load-deformation curve at the midspan tension of the RC/BFRC beam, as shown in Figure 2 (the deformation was largest in the midspan of the test beam), it could be considered as cracks appeared in the beam, loading was terminated, then the cracking capacity (Fcr) (the load corresponding to the cracking moment) was determined according to the applied previous level of load. The load value in the serviceability limit states of test beam (F s ) was calculated at first. After the standard curing of 28 days, three micrometer gauges with an accuracy of 0.001 mm were installed at both ends and the midspan of the RC/BFRC beam, respectively, to collect the deflection data. According to the provisions in Standard for Test Method of Concrete Structures (GB/T 50152-2012) [18] , after the standard curing of 28 days, a destruction test was applied to the beams to obtain the cracking capacity (F cr ). Loads were applied progressively, with a loading amplitude and load-keeping time of 0.05 F s and 15 min, respectively. When there was an obvious inflection point with a sudden deflection in the load-deformation curve at the midspan tension of the RC/BFRC beam, as shown in Figure 2 (the deformation was largest in the midspan of the test beam), it could be considered as cracks appeared in the beam, loading was terminated, then the cracking capacity (F cr ) (the load corresponding to the cracking moment) was determined according to the applied previous level of load.
Based on the load-deflection curves shown in Figure 2 , it can be seen that when the applied loads were 3.33 kN and 8.55 kN, there was an obvious inflection point with a sudden rising deflection in the load-deflection curve at the midspan of the RC beam and the BFRC beam. The cracking capacity (F cr ) was determined according to the applied previous level of load, which was 2.85 kN and 8.08 kN, respectively. Thus it can be concluded that the cracking capacity of the beam can be obviously improved by adding BF into concrete. Table 2 shows the nomenclature and the relevant applied loads. Beam LB referred to the beam that was produced by concrete with BFs and beam LC referred to the beam that was produced by ordinary concrete. According to the measured cracking capacity F cr , two different flexural loads (50% F cr and 80% F cr ) were applied to the test beams, with an anchor drawing instrument. The magnitude of the applied load is shown in Table 2 . load-keeping time of 0.05 Fs and 15 min, respectively. When there was an obvious inflection point with a sudden deflection in the load-deformation curve at the midspan tension of the RC/BFRC beam, as shown in Figure 2 (the deformation was largest in the midspan of the test beam), it could be considered as cracks appeared in the beam, loading was terminated, then the cracking capacity (Fcr) (the load corresponding to the cracking moment) was determined according to the applied previous level of load. Based on the load-deflection curves shown in Figure 2 , it can be seen that when the applied loads were 3.33 kN and 8.55 kN, there was an obvious inflection point with a sudden rising The main climatic parameters in the artificial climate simulation environment were designed based on those in the field downstream estuary of Qiantang River. According to the China Meteorological Data in site [19] , the average air temperature and relative humidity were 16.78 • C and 78.23% in Spring, 26 .54 • C and 79.86% in Summer, 16 .89 • C and 79.86% in Autumn and 5.87 • C and 74.94% in Winter.
After the standard curing of 28 days, epoxy resin was used to coat the side faces of the four test beams to ensure the unidirectional chloride penetration, i.e., chloride transports in the top and bottom surface of specimens. After the hardening of the epoxy resin, all the tested beams were exposed to the artificial simulated climate box, which included 2 h sprayed with 5% NaCl solution, followed by 46 hours of drying for exposing each 48 h. The total exposure time was 80 d. In the artificial climate simulation experiment, to achieve an accelerated effect, four environmental conditions were set to simulate the four seasons, moreover, the simulated temperature was set as approximately twice the average temperature of one season in the natural tidal environment. The temperature and humidity were kept constant in a 48 h cycle, and were changed in the next cycle according to the predefined parameters in Table 3 . Thus, an 8 d exposure time in the simulated environment was used to simulate a four-season cycle in the natural marine environment. Moreover, the exposure time of 80 d was equivalent to 10 complete cycles in the simulated environment. 
Chloride Concentrations Measure Method
After the four test beams were exposed for 80 d under the above-mentioned simulated environmental conditions, two cores (Core sample A and B in Figure 1 ) with a diameter of 30 mm from Sustainability 2020, 12, 1054 5 of 12 the pure bending section of each beam were drilled to reduce the randomness caused by material and test errors. Therefore, the free chloride concentration at the corresponding depth of the test beam was the average value of two measured data obtained from the core samples A and B. The detailed measure procedure of chloride concentrations can be found in our previous paper [20] . The test equipment was Thermo Scientific Orion Dual Star pH/ISE/mV meter with an accuracy of 0.05% Parts Per Million (PPM). According to the reading of the meter, the free chloride ion concentration expressed by the mass percentage of chloride to concrete can be calculated. The detailed steps can be found in our previous literature [20] .
Calculation Model for Chloride Diffusion Coefficients in Concrete under Flexural Loads
Zhang et al. [17] proposed the model for calculating the chloride concentrations in concrete at different depths under flexural loads. The detailed derivation process is not covered in this paper.
Compression zone :
where C 1 is the peak value of free chloride concentration in concrete, i.e., the measured concentration at the interface of convection zone and stable diffusion zone (%), x 1 is the convection zone depth (mm), x is the distance from the surface of the concrete samples (mm), D 0, ref is the apparent chloride diffusion coefficient at the reference exposure time t ref without stress state (m 2 /s), t is the exposure time (d), M is the bending moment of the beam section (kN · m), x t, i and x c, i are the distance from the neutral axis in tensile and compressive concrete, respectively (mm), I 0 is the moment of inertia (m 4 ), k 1 , k 2 and k 3 are constants, depending on the forms of force and exposure conditions, f t and f c are the tensile and compressive strength of concrete (MPa) and m is the age reduction factor of the apparent chloride diffusion coefficient, influenced by concrete constituents, ambient temperature and humidity, etc. In addition, due to the fact that only one exposure time (80 d) was set in our manuscript, the chloride diffusion coefficient at 80 d exposure time was taken as D 0, ref , i.e., the reference exposure time t ref = 80 d. Moreover, the time dependency of chloride diffusivity was ignored, thus the value of m was 0.
Substituting the chloride concentration at depth x and time t obtained from Equation (1) or Equation (2) into Fick's second law, the chloride diffusion coefficients can be fitted, as shown in Equation (3):
According to China's standard (CECS: 220-2007) [21] , the chloride diffusion coefficients D in concrete can be determined, as shown in Equation (4):
where C(x, t) is the chloride concentration at depth x and time t, C s is the surface chloride concentration in concrete and erf(x) is the error function, erf(x) = 2 √ π
x 0 e −t 2 dt. Moreover, by considering the influence of the convection zone, the chloride diffusion coefficients should be expressed as follows:
Theoretic Analytical Methods
Life Cycle Assessment (LCA)
LCA [14] can evaluate the environmental burdens of products quantitatively by four steps, including (1) goal and scope definition; (2) life cycle inventory (LCI); (3) life cycle impact assessment (LCIA); and (4) interpretation.
Goal and Scope Definition
Goal and scope definition can describe the product system in terms of system boundary and functional unit [14, 22] . It is vital to select the functional unit adequately since, for the same product systems, different evaluation results may be generated according to the selected functional units [23, 24] . In this research, we aimed to quantify and compare the sustainability of concrete beams with/without BF. Damineli et al. [25] indicated that the sustainability of concrete can be defined by environmental loads imposed to deliver one unit functional performance, the performance can be measured by compressive strength, carbonation resistance and other relevant indicators. It is well known that cracks can facilitate the transport of gases and water, which is important for structures subjected to water/vapor pressure [26] . Similarly, cracks provide easy paths for chloride penetration, for cracks with a width exceeding 0.10 mm. Chloride transport in the cracks of the concrete sample is similar to that in liquid [27] . Therefore, the cracking capacity is important since it is necessary to check crack width when the limit state of serviceability of a structure is computed. An improved cracking capacity can delay the appearance of cracks in RC structures, and eventually influences the chloride transport into concrete [28] . Thus, the cracking capacity should be chosen as an important indicator to analyze the sustainability of the RC beam. Müller et al. [29] insisted that the durability of concrete structures should count as an indispensable input to calculate the sustainability of concrete or concrete structures. In the chloride environment, the chloride diffusion coefficient can be considered as a durability indicator of RC structures. Therefore, to analyze the effect of the cracking capacity and chloride diffusion coefficient on the sustainability of the concrete beam, four different functional units were chosen: (1) the volume of concrete beam; (2) the cracking capacity of concrete beam; (3) the depth-dependent chloride diffusion coefficient of concrete beam; and (4) the combination of the cracking capacity and the chloride diffusion coefficient. Moreover, the reasons that a higher cracking capacity and a lower chloride diffusion coefficient are beneficial to the sustainability of concrete structures were considered in setting functional units (FUs). A smaller value of FU means a better environmental impact. Table 4 shows the adopted FUs in this paper. In Table 4 , E i refers to the energy consumption of 1 m 3 concrete with/without BF, V i denotes the volume of the concrete beam with/without BF and F cr,i and D i denote the cracking capacity and the chloride diffusion coefficient, respectively. Detailed description
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Life Cycle Inventory and Impact Assessment
To calculate the magnitude and source of energy consumption, the decomposition method was adopted. The transport of each constituent was not incorporated in the LCA since the raw materials of concrete with/without BF were nearly identical, except BF whose addition could be negligible. In addition, the quantities of the reinforcement bar in the concrete member were the same, thus the environmental impact of the reinforcement bar was not considered. Thus, energy consumption in the raw material production stage of the concrete member was solely considered, as calculated in the following:
where Q i is the unit weight of raw material i and ξ i is the energy consumption factor of ith raw material. Table 5 shows the energy consumption factor of raw materials. 
Results and Discussion
Related Parameters Profile of Chloride Diffusion
Free Chloride Ion Concentration in Concrete
It is well known that chloride penetration is much easier in the tensile concrete zone than that in the compressive concrete zone, since cracks are prone to occur in the tensile zone under loads in concrete beams. Therefore, this paper only studied the chloride transport in tensile concrete by taking the influence of the depth-dependent stress state on the chloride diffusivity of concrete into consideration. After reaching the expected exposure time (80 d), the samples were taken back to the laboratory to conduct the corresponding tests. First of all, two cores from the pure bending section of each beam were drilled, then, the free chloride concentrations at different depths were measured and the average free chloride concentrations of two cores at each depth were determined, as shown in Figure 3 . laboratory to conduct the corresponding tests. First of all, two cores from the pure bending section of each beam were drilled, then, the free chloride concentrations at different depths were measured and the average free chloride concentrations of two cores at each depth were determined, as shown in Figure 3 . It can be seen from Figure 3 that when the applied load level was 50% Fcr, after exposing for 80 d, no convection zone could be observed in the tensile zone of the BFRC beam. However, under other circumstance, there was an obvious convection zone in the tested concrete. When the applied load level was 50% Fcr, the depth of convection zone 1 x in the RC beam was 6.00 mm, and the It can be seen from Figure 3 that when the applied load level was 50% F cr , after exposing for 80 d, no convection zone could be observed in the tensile zone of the BFRC beam. However, under other circumstance, there was an obvious convection zone in the tested concrete. When the applied load level was 50% F cr , the depth of convection zone x 1 in the RC beam was 6.00 mm, and the corresponding peak value of chloride ion concentration C 1 was 0.13%. For the 80% F cr load level, the values of x 1 and C 1 were 8.00 mm/6.00 mm and 0.18%/0.17% in the BFRC/RC beams, respectively. Therefore, it can be seen that the appearance of the convection zone was influenced by the concrete constituents and external load. In the stable diffusion zone, the free chloride concentrations increased with flexural loads at the same depth. Besides, the addition of BF had a reduction (aggravation) effect on free chloride concentration with 50% (80%) F cr .
Chloride Diffusion Coefficients in Concrete
From Equation (5), it can be seen that if the convection zone depth x 1 and the peak value of chloride concentration C 1 are known, and for a certain exposure time t, according to the measured free chloride concentration at different depth C(x, t), the corresponding chloride diffusion coefficients (D) can be calculated. The corresponding calculation results for the chloride diffusion coefficient of concrete in the tensile zone at different depths under different flexural loads of the test beam can be calculated, as shown in Table 6 . It can be observed that the chloride diffusion coefficient increases with the applied load level. In addition, regardless of the applied load level, the average value of the chloride diffusion coefficient of the concrete beam with BF (LB) is larger than that of LC. The reasons that the chloride diffusion coefficient of the concrete beam with BF (LB) is larger than that of LC may be attributed to the following. According to previous research, at an early exposure time, the addition of BF may increase the quantity of harmful pores, which is closely related to chloride diffusion. In our test, the exposure age was 80 d, which can be considered as an early age. In addition, some internal micro cracks may be introduced during the hardening of cementitious materials when adding BF into concrete, resulting in weaker interfaces. 
Energy Consumption of Concrete Member with/without BF under Different Stress Levels
According to Equation (6), the energy consumption of 1 m 3 concrete with/without BF can be calculated, as shown in Figure 4 .
From Figure 4 , it can be observed that when adding extra BF into concrete to produce 1 m 3 concrete, concrete with BF (857.67 MJ/m 3 ) consumed slightly more energy than ordinary concrete (852.45 MJ/m 3 ). Moreover, cement accounted for the majority of the energy consumption of the concrete. Similarly, the energy consumption of the BFRC beam (14.15 MJ) was slightly higher than that of the RC beam (14.07 MJ), since the geometric sizes between the BFRC beam and the RC beam were similar. The main reason can be attributed to the fact that only 0.10% BF was added, although the energy required for BF production is extremely high, nearly eight times that for cement production. 
According to Equation (6), the energy consumption of 1 m 3 concrete with/without BF can be calculated, as shown in Figure 4 . From Figure 4 , it can be observed that when adding extra BF into concrete to produce 1 m 3 concrete, concrete with BF (857.67 MJ/m 3 ) consumed slightly more energy than ordinary concrete (852.45 MJ/m 3 ). Moreover, cement accounted for the majority of the energy consumption of the concrete. Similarly, the energy consumption of the BFRC beam (14.15 MJ) was slightly higher than that of the RC beam (14.07 MJ), since the geometric sizes between the BFRC beam and the RC beam were similar. The main reason can be attributed to the fact that only 0.10% BF was added, although the energy required for BF production is extremely high, nearly eight times that for cement production.
According to the preset FU2, the sustainability of the concrete beam can be calculated by considering the effect of the cracking capacity. The result was expressed by energy consumption per unit cracking capacity of the beam, as shown in Figure 5 . As mentioned above, adding BF into concrete can obviously improve the cracking capacity of the concrete beam. Hence, although the energy consumption of the BFRC beam was slightly higher than that of the RC beam, the energy consumption per cracking capacity of the BFRC beam was far less than that of the RC beam. According to the preset FU 2 , the sustainability of the concrete beam can be calculated by considering the effect of the cracking capacity. The result was expressed by energy consumption per unit cracking capacity of the beam, as shown in Figure 5 . As mentioned above, adding BF into concrete can obviously improve the cracking capacity of the concrete beam. Hence, although the energy consumption of the BFRC beam was slightly higher than that of the RC beam, the energy consumption per cracking capacity of the BFRC beam was far less than that of the RC beam. Based on the fitted chloride diffusion coefficient, calculation results on preset FU3 and FU4 can be obtained, as shown in Figure 6 . It can be observed that energy consumption per chloride diffusion coefficient of the BFRC beam was larger than that of the RC beam, regardless of the applied stress level. However, an opposite result can be observed in energy consumption per chloride diffusion coefficient per cracking capacity. In addition, energy consumption per chloride diffusion coefficient and energy consumption per chloride diffusion coefficient per cracking capacity of beams both increased with stress level, indicating an adverse effect of stress on the calculation results. Based on the fitted chloride diffusion coefficient, calculation results on preset FU 3 and FU 4 can be obtained, as shown in Figure 6 . It can be observed that energy consumption per chloride diffusion coefficient of the BFRC beam was larger than that of the RC beam, regardless of the applied stress level. However, an opposite result can be observed in energy consumption per chloride diffusion coefficient per cracking capacity. In addition, energy consumption per chloride diffusion coefficient and energy consumption per chloride diffusion coefficient per cracking capacity of beams both increased with stress level, indicating an adverse effect of stress on the calculation results.
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Conclusions and Limitations
Conclusions
This paper carried out a sustainability analysis of test beams with/without BF by taking the cracking capacity and the chloride diffusion coefficient into consideration. Chloride diffusivity was determined by considering the effect of stresses at different depths, which is noteworthy for the real structures subject to the external loads in the chloride environment. Besides, four different functional units were proposed in the sustainability analysis. The following conclusions can be drawn: 
Conclusions and Limitations
Conclusions
This paper carried out a sustainability analysis of test beams with/without BF by taking the cracking capacity and the chloride diffusion coefficient into consideration. Chloride diffusivity was determined by considering the effect of stresses at different depths, which is noteworthy for the real structures subject to the external loads in the chloride environment. Besides, four different functional units were proposed in the sustainability analysis. The following conclusions can be drawn:
(1) Adding BF into concrete can improve the cracking capacity of the RC beam effectively. However, the average chloride diffusion coefficient of the BFRC beam is larger than that of the RC beam, regardless of the applied load level. In addition, the chloride diffusion coefficient increases with the applied load level.
(2) The selected functional units have significant influences on the final assessment results of the studied beams. When taking the cracking capacity into consideration, i.e., for the functional units of energy consumption per cracking capacity (FU 2 ) as well as energy consumption per chloride diffusion coefficient per cracking capacity (FU 4 ), adding BF into concrete is a suitable solution to improve the sustainability of RC beams.
Limitations
Some limitations still exist, as shown in the following: (1) Only 0.10% BF is added into concrete, making it difficult to support decision making for the optimal addition of BF. In future studies, relevant experiments on concrete beams with different BF additions should be conducted.
(2) In this paper, a sole indicator (energy consumption) was considered to evaluate the sustainability of concrete beams with/without BF, due to the incomplete inventory data. With the well-established life cycle inventory, the environmental impact with various indicators, such as global warming potential (GWP), acidification and ozone depletion, etc., should be evaluated. Moreover, the inventory data from different researchers was used in this paper [16, 30, 32] . As it is well known, due to the existence of uncertainty in inventory data, its quality can influence the final LCA assessment results significantly [33, 34] . In future research, it is necessary to address data uncertainty in LCA analysis by scenario analysis and/or the Monte Carlo (MC) simulation method.
